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Broadband polarization conversion 
with anisotropic plasmonic 
metasurfaces
Wei Cao, Xiaodong Yang  & Jie Gao
Metasurfaces offer exciting opportunities that enable precise control of light propagation, optical 
intensity, phase and polarization. Plasmonic metasurface based quarter-wave plates have been recently 
studied to realize the conversion between linear polarization and circular polarization. However, it is 
still quite challenging to directly measure the birefringent phase retardation introduced by metasurface 
wave plates with a reliable technique. Here, we report a high-performance broadband metasurface 
quarter-wave plate made of anisotropic T-shaped plasmonic antennas in near-infrared wavelength 
range, where the achromatic nearly 90° transmitted phase retardation through the metasurface is 
precisely characterized with an optical vortex based interferometric approach. Based on the measured 
transmission amplitude and phase of two orthogonal linear polarization components, nearly unit 
degree of linear polarization is extracted from the Stokes parameters, indicating excellent broadband 
polarization conversion between linearly and circularly polarized light through the metasurface. Our 
results will be an important step forward in the advancement of integrated metasurface devices for 
polarization conversion and beam manipulation, structured light control, as well as new spectroscopic 
and interferometric techniques for metasurface characterization.
Polarization is one of the significant parameters to describe the properties of light. The manipulation of the polar-
ization state of light has played a key role in a wide range of applications1–3. It is well known that a quarter-wave 
plate enables the invertible polarization conversion between linearly and circularly polarized light due to the 
equal transmitted amplitude and a 90° phase retardation between two orthogonal linear polarization compo-
nents. A bulk birefringent crystal is conventionally employed to achieve the required phase retardation between 
the two orthogonal components of o-ray and e-ray, where the phase delay depends on both the birefringence and 
thickness of crystal. Since the birefringence of commonly available crystals is weak, conventional wave plates 
usually have large physical thickness in order to obtain the desired phase retardation, which greatly hinders the 
miniaturization of bulky wave plates and restricts the development of on-chip optics and photonics integration. 
Such limitation has been recently overcome by adopting ultracompact wave plate design with metamaterials and 
metasurfaces. Metamaterials and metasurfaces are artificial, subwavelength structured media capable of realizing 
unconventional electromagnetic properties not existing in nature and providing unique platforms for the demon-
stration of exotic functionalities, such as abrupt phase or polarization change, near-zero permittivity, extraor-
dinary anisotropy, cloaking, negative refraction, perfect absorption, modulation, and sensing4–14. Ultrathin 
metasurfaces have been designed to demonstrate versatile applications in optical vortex beam generation, flat 
lenses, spin-hall effect of light, and holographic imaging15–21. Recently, metamaterial or metasurface based wave 
plates used for polarization manipulation have been proposed22–32, where great efforts are devoted to realizing 
broadband polarization conversion devices. The anisotropic optical resonances along two orthogonal directions 
are introduced in designing metamaterial or metasurface based wave plates in order to generate the desired phase 
retardation22, 28, 29, 32. In addition, metasurfaces made of phased antenna arrays are also demonstrated to generate 
scattered light with arbitrary polarization states24. Metamaterial or metasurface based wave plates have provided 
a promising pathway towards the effective polarization control while keeping device size compact.
The phase shift induced by the optically thin metamaterial or metasurface nanostructures is one critical 
parameter to describe the optical properties of the designed wave plates. However, it is still quite challenging to 
directly measure the phase shift through the metamaterial or metasurface under a certain polarization and the 
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birefringent phase retardation introduced by the metamaterial or metasurface based wave plates with a reliable 
technique. Although conventional interferometry or spectroscopic ellipsometry have been considered to charac-
terize the phase shift from metamaterials33–40, these ordinary techniques are still complicated or inapplicable for 
metamaterial characterization. There is one recently proposed interferometric approach based on optical vortex 
with a helical wavefront that offers a promising solution to directly visualize the phase shift from metamaterials41, 
by observing the rotation of spiral interference pattern according to the vortex based interferometry42–44.
In this work, we propose and demonstrate a new design of metasurface quarter-wave plate made of anisotropic 
T-shaped plasmonic antenna array covering a broadband near-infrared wavelength range. The optical vortex 
based interferometric approach is utilized to directly measure the transmitted achromatic nearly 90° phase retar-
dation through the metasurface between two orthogonal linear polarization components. We further analyze the 
optical transmission amplitude and phase spectra together with the plasmonic resonant modes of the T-shaped 
antenna under linear polarization along two orthogonal antenna arms, indicating that the desired equal transmis-
sion amplitude and nearly 90° birefringent phase retardation between two orthogonal directions for realizing a 
quarter-wave plate are tailored by properly tuning the anisotropic plasmonic dipolar resonances in the two arms 
of T-shaped antenna. Based on the simulated and measured transmission amplitude and phase retardation from 
the metasurface, nearly unit degree of linear polarization is extracted from the Stokes parameters across a wide 
near-infrared wavelength range, demonstrating the high-performance broadband linear-to-circular polarization 
conversion through our currently designed metasurface quarter-wave plate.
Results
Design of anisotropic T-shaped plasmonic antenna. The schematic of our designed T-shaped plas-
monic antenna for building metasurface quarter-wave plate is shown in Fig. 1(a). The gold T-shaped antenna 
on silica substrate has horizontal and vertical arms of different lengths a1 and a2, and the widths of the two arms 
are w1 and w2, respectively. The period of the antenna unit cell is p. The lengths and widths of two antenna arms 
are varied to tune the anisotropic plasmonic dipolar resonances into the designed near-infrared wavelengths. 
Numerical simulations with CST Microwave Studio software are performed to design the geometric dimensions 
of the T-shaped antenna, where the refractive index of silica is 1.47 and the dielectric function of gold is from 
the Drude mode with plasmon frequency ωp = 1.37 × 1016 rad/s and damping constant γp = 4.08 × 1013 rad/s. By 
considering the surface scattering and grain boundary effects in thin gold film, the damping constant is set as 
six times greater than that of the bulk gold34, 45, in order to match the experimental results. Boundary conditions 
of the unit cell are defined as open boundaries with perfectly matched layers along both x and y directions, and 
light incidence and propagation is along z direction. The designed metasurface is excited by linearly polarized 
plane wave along either x or y direction to the metasurface normal. The corresponding transmission amplitude 
and phase spectra of two orthogonal linear polarization components from the T-shaped antenna array are calcu-
lated. The final designed geometric dimensions of the T-shaped antenna unit cell are a1 = 475 nm, a2 = 630 nm, 
w1 = 225 nm, w2 = 180, p = 720 nm, and the gold film thickness is 180 nm. The designed metasurface is then fabri-
cated in a 180 nm-thick gold layer deposited on a glass substrate using electron beam evaporation. A 3 nm-thick 
titanium layer is deposited between the gold layer and the glass substrate for adhesion purpose. The T-shaped 
antenna array is milled in the gold film using focus ion beam (FIB, FEI Helios Nanolab 600 Dual Beam system). 
The fabricated metasurface sample area is around 60 μm by 60 μm. Figure 1(b) and (c) show the scanning electron 
microscope (SEM) images of the top view and perspective view for the fabricated T-shaped antenna array. As the 
incident light is linearly polarized along the horizontal or vertical direction, the plasmonic dipolar resonance 
along one of the antenna arms will be excited. The quarter-wave plate functionality will be realized in the wave-
length range between the two anisotropic plasmonic dipolar resonant modes, where both the equal amplitude and 
nearly 90° phase retardation along two orthogonal directions can be achieved simultaneously.
Figure 1. (a) Schematic of the designed T-shaped antenna unit cell and the geometric dimensions: a1 = 475 nm, 
a2 = 630 nm, w1 = 225 nm, w2 = 180, p = 720 nm, and the gold film thickness is 180 nm. (b) and (c) Top-view and 
perspective-view SEM images of the fabricated T-shaped antenna array on glass substrate.
www.nature.com/scientificreports/
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Each T-shaped antenna unit cell can be considered as a miniature quarter-wave plate. The general relation 
between the incident electric field Ei and the transmitted electric field Eo at normal incidence can be expressed 






























where tij terms represent the transmitted complex amplitudes. This operation can be obtained without the 

















































where the phase of the transmitted electric field along x and y directions can be expressed as
φ = targ( ) (3)xx xx
φ = targ( ) (4)yy yy
The transmission amplitude ratio between the two orthogonal directions is defined as R = |tyy|/|txx|, and the phase 
retardation is Δφ = φyy − φxx. The complex amplitudes of transmitted field through a quarter-wave plate should 
satisfy both R = 1 and Δφ = 90° at the same time. In our current design, the transmission amplitude and phase 
retardation for two orthogonal linear polarizations are tailored by varying the geometric dimensions of T-shaped 
antenna in order to meet such requirement. In order to achieve a quarter-wave plate in metasurfaces, it is key to 
realize a phase retardation Δφ = φyy − φxx equal to 90° at the crossing point of transmission amplitude for the 
two orthogonal polarization components. It is quite helpful to modify the surface plasmon propagation along 
the arms of the two orthogonal polarization components in order to improve the phase retardation by properly 
increasing the thickness of T-shaped antennas. In addition, in order to improve the transmission amplitude at 
the crossing point of two orthogonal components and broaden the bandwidth over which the phase retardation 
is around 90°, one should properly adjust both the lengths of horizontal and vertical arms of T-shaped antennas. 
In our work, we properly detuned the two plasmonic resonances to obtain a broad bandwidth quarter-wave plate 
and improve the transmission amplitude at the crossing point of the two orthogonal polarization components by 
shortening the horizontal arm to 475 nm and lengthening the vertical arm to 630 nm.
Phase measurement with optical vortex based spiral interferometry. Figure 2 shows the experi-
mental setup of the optical vortex based spiral interferometry for directly measuring the phase retardation under 
two orthogonal linear polarization excitations introduced by the metasurface sample. The optical beam is coupled 
with a fiber collimator from a tunable laser source covering wavelength from 1480 nm to 1580 nm. The generated 
linearly polarized laser beam is separated into two paths by a beam splitter. One beam is focused onto the meta-
surface sample at normal incidence, and the other beam is coupled via a glass spiral phase plate for creating an 
optical vortex beam with topological charge of one. The SEM image of the perspective view of the spiral phase 
plate fabricated on a glass slide using FIB milling is shown in the lower inset of Fig. 2. The transmitted beams are 
then interfered with each other to form a spiral interference pattern captured by an infrared camera. The phase 
shift of transmitted beam through the metasurface sample under certain linear polarization will be directly visu-
alized by the rotation angle of the measured spiral interference pattern. Therefore, the phase retardation between 
two orthogonal linear polarizations from the metasurface sample can be obtained.
Figure 2. Experimental setup of the optical vortex based spiral interferometry for directly characterizing 
the phase retardation through the metasurface sample of T-shaped antenna array. LP: linear polarizer, QWP: 
quarter-wave plate, BS: beam splitter, OL: objective lens, SPP: spiral phase plate (with the perspective-view SEM 
image shown in the lower inset).
www.nature.com/scientificreports/
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In order to take into account the phase shift across the glass substrate, the optical vortex based spiral interfer-
ence patterns are recorded for optical beam transmitted through both the reference glass substrate and the meta-
surface sample under two orthogonal linear polarizations at various wavelengths from 1480 nm to 1580 nm with 
a 20 nm interval, as displayed in Fig. 3 where the rotation angles of the spiral interference patterns from the meta-
surface sample relative to the reference glass substrate are measured. According to the previous studies41, 42, the 
equation describing the spiral interference pattern between a Gaussian beam and a vortex beam with topological 
Figure 3. Recorded images of the vortex based spiral interference patterns for optical beam passing through the 
reference glass substrate (Ref) and the metasurface sample (Meta) under two orthogonal linear polarizations 
at wavelengths from 1480 nm to 1580 nm with a 20 nm interval. The rotation angles φxx and φyy of the spiral 
interference patterns from the metasurface relative to the reference glass substrate are listed.
www.nature.com/scientificreports/
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charge of one can be written as θ = ar2 + b0, where r and θ are the polar coordinates. a refers the rate at which the 
spiral rotates as its radius increases and it is directly related to the curvature of the interfering wavefront, while 
b0 is the starting phase of the spiral which shows the starting angle of spiral interference pattern at the center. For 
all the measured spiral interference patterns shown in Fig. 3, the curvature of the interfering wavefront does not 
change so that the parameter a can be considered as a constant. Therefore, the rotation angle of the spiral interfer-
ence pattern is characterized by the parameter b0, which is directly related to the phase shift induced by the meta-
surface sample. The rotation angle is determined by analyzing the tangential direction at the center of the spiral 
based on first locating the minimum intensity in the spiral interference pattern41, 42. Then the relative phase shifts 
φxx and φyy under two orthogonal linear polarizations are obtained by comparing the rotation angles between 
the metasurface sample and the reference glass substrate. The phase retardation introduced by the metasurface is 
finally determined by Δφ = φyy − φxx. According to refs 41 and 42, the vortex based interferometric method can 
directly measure the phase changes of the transmitted light introduced by metasurfaces. We utilized this novel 
technique in measuring the phase retardation between two orthogonal linear polarizations at wavelengths from 
1480 nm to 1580 nm with a 20 nm interval. A bare glass substrate was used as the reference for all sets of measure-
ments. The transmitted beams under two orthogonal linear x-polarization and y-polarization through both the 
metasurface sample and glass substrate reference were characterized by using the vortex based interferometric 
method. The relative phase shift for x-polarization and y-polarization introduced by the metasurface can be firstly 
calculated by measuring the rotation angle and direction of the spiral interference pattern in comparison to that 
of glass substrate reference, respectively. For example, at the wavelength of 1540 nm in Fig. 3, the relative phase 
shift for x-polarization is 45° clockwise and the relative phase shift for y-polarization is 37° counterclockwise. 
It can be seen that the phase shift directions are opposite for x-polarization and y-polarization in terms of glass 
substrate reference. The rotation direction of spiral interference pattern is defined positive for clockwise and 
negative for counterclockwise. Thus, the phase retardation between two orthogonal linear x-polarization and 
y-polarization is calculated as 82°.
Analysis of metasurface quarter-wave plate. Figure 4(a) plots the measured transmission amplitude 
spectra of txx and tyy from the metasurface sample under two orthogonal linear polarization excitations along x 
and y directions, by using a Fourier-transform infrared (FTIR) spectrometer connected to an infrared micro-
scope. It shows that two anisotropic plasmonic resonant modes are supported in the T-shaped antenna along its 
two arms with the resonance wavelengths located at λ1 = 1375 nm and λ3 = 1850 nm, respectively. The two plas-
monic resonance dips cross at λ2 = 1510 nm where the transmission amplitudes of txx and tyy are equal. It can be 
seen that the simulated transmission spectra agree with the measurement well. Figure 4(b) presents the measured 
and simulated phase retardation Δφ between two orthogonal directions, as well as the simulated phase shifts φxx 
and φyy under two orthogonal linear polarizations. The measured phase retardation is between 78° and 82° which 
is very close to 90° for a perfect quarter-wave plate in a wide wavelength range from 1480 nm to 1580 nm, ensur-
ing the functionality of high-performance broadband quarter-wave plate for our current metasurface design. The 
simulated phase retardation also matches the measurement well. In order to further understand the nature of 
anisotropic plasmonic resonances in the T-shaped antenna and elucidate the underlying mechanism of polariza-
tion conversion through the metasurface, the electric field distributions of T-shaped antenna at the two designed 
plasmonic resonance dips (λ1 = 1375 nm and λ3 = 1850 nm) and the crossing point of transmission amplitude 
spectra of txx and tyy (λ2 = 1510 nm) are plotted in Fig. 5, under linear polarization excitations along x and y direc-
tions at normal incidence. It is shown in Fig. 5(a) and (b) that the resonant electric field is strongly concentrated 
at the ends of the antenna arm under linear polarization excitation, indicating a typical plasmonic dipolar reso-
nance along each arm direction. As shown in Fig. 5(c) and (d), at the crossing point of transmission amplitude 
spectra, similar electric field distributions as those at the plasmonic resonance dips are obtained along both arm 
directions, but with weaker field intensity. In fact, the electric field distributions for the two plasmonic dipolar 
resonant modes shown in Fig. 5(c) and (d) exhibit a 90° phase difference so that nearly perfect linear-to-circular 
polarization conversion can be achieved.
Figure 4. (a) Measured and simulated transmission amplitude spectra of txx and tyy under two orthogonal linear 
polarization excitations along x and y directions. (b) Measured and simulated phase retardation between two 
orthogonal directions, together with simulated phase shifts φxx and φyy.
www.nature.com/scientificreports/
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According to ref. 23, in order to ensure that the metasurface works as an ideal ultrathin low-loss quarter-wave 
plate, the two nonzero diagonal terms of the transmission matrix should have the same amplitude, 
t t 2 /2xx yy| | = | | = , and a phase difference exactly equal to 90°. In the case of ideal metal with infinite conduc-
tivity, the theoretical transmission coefficient is 2 /2 for each orthogonal polarization component at the designed 
wavelength in perfectly lossless metasurfaces. In THz frequency range, most of metals can be nearly treated as 
perfectly electrical conducting materials, e.g. copper used in ref. 46. Thus, the transmission efficiencies along both 
x and y directions can be higher than 60%, close to the theoretical value, at the same time. However, metals such 
as gold become lossy in near-infrared wavelength range from 1480 nm to 1580 nm in our work. As a result, the 
transmission coefficient is significantly decreased. The transmission efficiency at the crossing point of transmis-
sion amplitude spectra shown in Fig. 4(a) is the optimized result that we can achieve under the current condition. 
The transmission efficiency could be further improved to approach the theoretical value by applying plasmonic 
materials with lower losses, together with advanced fabrication techniques.
The functionalities of our designed metasurface quarter-wave plate is further analyzed by using the degree of 
linear polarization (DoLP) and the angle of linear polarization (AoLP) for the output light wave according to the 
Stokes parameters46–48, which are the figure of merit to describe the efficiency of circular-to-linear polarization 
conversion. Stokes parameters are employed to calculate the output polarization states of light with four basic 
parameters related to the transmission amplitude txx and tyy as well as the phase retardation Δφ,
S t t (5)xx yy0
2 2= | | + | |
S t t (6)xx yy1
2 2= | | − | |
φ= | || | ∆S t t2 cos (7)xx yy2
Figure 5. Simulated electric field distributions of plasmonic dipolar resonant modes supported in T-shaped 
antenna under linear polarization excitations at normal incidence (a) at the plasmonic resonance of horizontal 
arm λ1 = 1375 nm along the x-polarized direction, (b) at the plasmonic resonance of vertical arm λ3 = 1850 nm 
along the y-polarized direction, and (c), (d) at the crossing point of transmission amplitude spectra along both 
polarized directions.
www.nature.com/scientificreports/
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S t t2 sin (8)xx yy3 φ= | || | ∆
The DoLP effectively represents how pure the transmitted linearly polarized light is for the incident circularly 
polarized light,





The AoLP is directly related to the specific rotation angle of the output linear polarization with respect to the 
x-axis,
=AoLP S Sarctan( / ) (10)2 1
A perfect quarter-wave plate has the DoLP of unity and the AoLP of 45°.
Figure 6 plots the simulated and measured DoLP and AoLP for the transmitted light through the metas-
urface for a circularly polarized incident light. The measured DoLP in the broad bandwidth from 1480 nm to 
1580 nm is greater than 0.98, which is consistent with the broadband phase retardation of nearly 90° as shown 
in Fig. 4(b), indicating nearly perfect linearly polarized light is obtained at the output. It is noted that the 
wavelength range for the simulated DoLP greater than 0.98 is from 1480 nm to 1720 nm covering a 240 nm 
bandwidth. It is observed that the AoLP is 45° as expected around the crossing point of transmission amplitude 
spectra at λ = 1510 nm. Due to the dispersion in the transmission amplitude spectra as shown in Fig. 4(a), the 
AoLP shifts in the range from 50° to 32° with respect to the x-axis between 1480 nm and 1580 nm in which 
the DoLP is nearly unity. The measured DoLP and AoLP are in good agreement with the simulation results. 
The weak dependence of AoLP on wavelength is usually desirable since it represents the fixed fast and slow 
axes from a point of view of a conventional quarter-wave plate. However, the fast and slow axes of the meta-
surface quarter-wave plate effectively rotate as a function of wavelength, which will have great potentials for 
sensing applications. According to the reciprocity theorem, it is expected that our demonstrated metasurface 
quarter-wave plate provides high-performance, broadband invertible polarization conversion between linearly 
and circularly polarized light.
Discussion
In conclusion, we have demonstrated a high-performance broadband metasurface quarter-wave plate made 
of anisotropic T-shaped plasmonic antenna array at near-infrared wavelength. The transmission phase shifts 
induced by two anisotropic plasmonic dipolar resonances along the orthogonal arms of T-shaped antenna are 
directly measured by utilizing the optical vortex based interferometric approach. Extraordinary achromatic phase 
retardation up to 82° between two orthogonal directions with high transmission amplitude through the metas-
urface is achieved. The DoLP of near unity and the AoLP centered at 45° are obtained across a broad wavelength 
range for the metasurface quarter-wave plate, demonstrating high-performance broadband linear-to-circular 
polarization conversion. Our presented results will not only pave the way to the integration of metasurface based 
devices for polarization conversion, phase manipulation and structured light control in nanophotonic circuits 
and optical communication, but also open a new window for advancing optical spectroscopic and interferometric 
techniques to characterize metamaterials and metasurfaces.
References
 1. Cong, L. et al. A perfect metamaterial polarization rotator. Appl. Phys. Lett. 03, 171107 (2013).
 2. Cong, L. et al. Manipulating polarization states of terahertz radiation using metamaterials. New J. Phys. 14, 115013 (2012).
 3. Huang, C. P. et al. Break Through the Limitation of Malus’ Law with Plasmonic Polarizers. Adv. Opt. Mater. 2, 723 (2014).
 4. Yao, J. et al. Optical negative refraction in bulk metamaterials of nanowires. Science 321, 930 (2008).
 5. Alù, A. & Engheta, N. Achieving transparency with plasmonic and metamaterial coatings. Phys. Rev. E 72, 016623 (2005).
Figure 6. DoLP and AoLP extracted from experimental measurements and simulations for circularly polarized 
excitation at normal incidence.
www.nature.com/scientificreports/
8SciEnTific REPORTs | 7: 8841  | DOI:10.1038/s41598-017-09476-8
 6. Sun, L., Gao, J. & Yang, X. Broadband epsilon-near-zero metamaterials with step-like metal-dielectric multilayer structures. Phys. 
Rev. B 87, 165134 (2013).
 7. Li, S. & Wang, J. Multi-orbital-angular-momentum multi-ring fiber for high-density space-division multiplexing. IEEE Photonics J. 
5, 7101007 (2013).
 8. Ni, X., Wong, Z. J., Mrejen, M., Wang, Y. & Zhang, X. An ultrathin invisibility skin cloak for visible light. Science 349, 1310–1314 
(2015).
 9. Zhou, F. et al. Hiding a Realistic Object Using a Broadband Terahertz Invisibility Cloak. Sci. Rep. 1, 78 (2011).
 10. Smith, D. R., Pendry, J. B. & Wiltshire, M. C. Metamaterials and Negative Refractive Index. Science 305, 788–792 (2004).
 11. Yu, N. et al. Light propagation with phase discontinuities: generalized laws of reflection and refraction. Science 334, 333–337 (2011).
 12. Landy, N., Sajuyigbe, S., Mock, J., Smith, D. & Padilla, W. Perfect Metamaterial Absorber. Phys. Rev. Lett. 100, 207402 (2008).
 13. Padilla, W. J., Taylor, A. J., Highstrete, C., Lee, M. & Averitt, R. D. Dynamical Electric and Magnetic Metamaterial Response at 
Terahertz Frequencies. Phys. Rev. Lett. 96, 107401 (2006).
 14. Singh, R. et al. Ultrasensitive terahertz sensing with high-Q Fano resonances in metasurfaces. Appl. Phys. Lett. 105, 171101 (2014).
 15. Huang, L. et al. Dispersionless Phase Discontinuities for Controlling Light Propagation. Nano Lett. 12, 5750–5755 (2012).
 16. Zeng, J., Li, L., Yang, X. & Gao, J. Generating and Separating Twisted Light by Gradient-Rotation Split-Ring Antenna Metasurfaces. 
Nano Lett. 16, 3101–3108 (2016).
 17. Aieta, F. et al. Aberration-Free Ultrathin Flat Lenses and Axicons at Telecom Wavelengths Based on Plasmonic Metasurfaces. Nano 
Lett. 12, 4932–4936 (2012).
 18. Chen, X. et al. Dual-Polarity Plasmonic Metalens for Visible Light. Nat. Commun. 3, 1198–1204 (2012).
 19. Ni, X., Ishii, S., Kildishev, A. V. & Shalaev, V. M. Ultra-Thin, Planar, Babinet-Inverted Plasmonic Metalenses. Light: Sci. Appl. 2, e72 
(2013).
 20. Shitrit, N. et al. Spin-Optical Metamaterial Route to Spin-Controlled Photonics. Science 340, 724–726 (2013).
 21. Wan, W., Gao, J. & Yang, X. Full-Color Plasmonic Metasurface Holograms. ACS Nano 10, 10671–10680 (2016).
 22. Zhao, Y. & Alù, A. Tailoring the Dispersion of Plasmonic Nanorods to Realize Broadband Optical Meta-Waveplates. Nano Lett. 13, 
1086–1091 (2013).
 23. Zhao, Y. & Alù, A. Manipulating light polarization with ultrathin plasmonic metasurfaces. Phys. Rev. B 84, 205428 (2011).
 24. Yu, N. et al. A Broadband, Background-Free Quarter-Wave Plate Based on Plasmonic Metasurfaces. Nano Lett. 12, 6328–6333 
(2012).
 25. Yang, Y. et al. Dielectric Meta-Reflectarray for Broadband Linear Polarization Conversion and Optical Vortex Generation. Nano 
Lett. 14, 1394–1399 (2014).
 26. Gansel, J. K. et al. Gold Helix Photonic Metamaterial as Broadband Circular Polarizer. Science 325, 1513–1515 (2009).
 27. Ding, F., Wang, Z., He, S., Shalaev, V. M. & Kildishev, A. V. Broadband high-efficiency half-wave plate: a supercell-based plasmonic 
metasurface approach. ACS Nano 9, 4111–4119 (2015).
 28. Baida, F. I., Boutria, M., Oussaid, R. & Van Labeke, D. Enhanced-transmission metamaterials as anisotropic plates. Phys. Rev. B 84, 
035107 (2011).
 29. Khoo, E. H., Li, E. P. & Crozier, K. B. Plasmonic wave plate based on subwavelength nanoslits. Opt. Lett. 36, 2498–2500 (2011).
 30. Pors, A. et al. Plasmonic metamaterial wave retarders in reflection by orthogonally oriented detuned electrical dipoles. Opt. Lett. 36, 
1626–1628 (2011).
 31. Drezet, A., Genet, C. & Ebbesen, T. W. Miniature Plasmonic Wave Plates. Phys. Rev. Lett. 101, 043902 (2008).
 32. Roberts, A. & Lin, L. Plasmonic quarter-wave plate. Opt. Lett. 37, 1820–1822 (2012).
 33. Drachev, V. P. et al. Experimental verification of an optical negative-index material. Laser Phys. Lett. 3, 49–55 (2006).
 34. O’Brien, K. et al. Reflective interferometry for optical metamaterial phase measurements. Opt. Lett. 37, 4089–4091 (2012).
 35. Pshenay-Severin, E. et al. Experimental determination of the dispersion relation of light inmetamaterials by white-light 
interferometry. J. Opt. Soc. Am. B. 27, 660–666 (2010).
 36. Borzsonyi, A., Kovacs, A. P., Gorbe, M. & Osvay, K. Advances and limitations of phase dispersion measurement by spectrally and 
spatially resolved interferometry. Opt. Commun. 281, 3051–3061 (2008).
 37. Stoller, P., Jacobsen, V. & Sandoghdar, V. Measurement of the complex dielectric constant of a single gold nanoparticle. Opt. Lett. 31, 
2474–2476 (2006).
 38. Van Dijk, M. A., Lippitz, M. & Orrit, M. Detection of Acoustic Oscillations of Single Gold Nanospheres by Time-Resolved 
Interferometry. Phys. Rev. Lett. 95, 267406 (2005).
 39. Hariharan, P. Optical Interferometry, 1st Ed. (Academic, 2003).
 40. Hariharan, P. Basics of Interferometry, 2nd Ed. (Academic, 2006).
 41. Xu, Y., Sun, J., Walasik, W. & Litchinitser, N. M. Probing metamaterials with structured light. Opt. Express 24, 26249–26254 (2016).
 42. Fadeeva, T. A., Volyar, A. V. & Alekseev, A. N. Recognition of the interference spiral image in a fiber optical sensor employing optical 
vortices. Tech. Phys. Lett. 30, 622–625 (2004).
 43. Jesacher, A., Furhapter, S., Bernet, S. & Ritsch-Marte, M. Spiral interferogram analysis. J. Opt. Soc. Am. A 23, 1400–1409 (2006).
 44. Masajada, J. et al. Deep microstructure topography characterization with optical vortex interferometer. Opt. Express 16, 
19179–19191 (2008).
 45. Zhang, S. et al. Demonstration of metal–dielectric negative-index metamaterials with improved performance at optical frequencies. 
J. Opt. Soc. Am. B 23, 434–438 (2006).
 46. Wang, D., Gu, Y., Gong, Y., Qiu, C. & Hong, M. An ultrathin terahertz quarter-wave plate using planar babinet-inverted metasurface. 
Opt. Express 23, 11114–11122 (2015).
 47. Cheng, H. et al. Dynamically tunable broadband mid-infrared cross polarization converter based on graphene metamaterial. Appl. 
Phys. Lett. 103, 223102 (2013).
 48. Goldstein, D. & Goldstein, D. H. Polarized Light, Revised and Expanded, CRC Press, Boca Raton, FL, USA 2011.
Acknowledgements
The authors acknowledge support from the Office of Naval Research under Grant No. N00014-16-1-2408, and 
the National Science Foundation under Grant No. ECCS-1653032 and DMR-1552871. The authors thank the 
facility support from the Materials Research Center at Missouri S&T. The authors also thank D. Rosenmann and 
D. A. Czaplewski at the Argonne National Laboratory for the gold film deposition. This work was performed, in 
part, at the Center for Nanoscale Materials, a U.S. Department of Energy, Office of Science, Office of Basic Energy 
Sciences User Facility under Contract No. DE-AC02-06CH11357.
Author Contributions
W.C., X.Y. and J.G. conceived the idea of the research. W.C. performed all the numerical simulations and 
experiments. X.Y. and J.G. directed the research. All authors discussed the results and contributed to the 
manuscript.
www.nature.com/scientificreports/
9SciEnTific REPORTs | 7: 8841  | DOI:10.1038/s41598-017-09476-8
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
